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Music  is  a  basic  and  ubiquitous  socio-cognitive  domain.  However,  our  understanding  of
the time  course  of  the  development  of music  perception,  particularly  regarding  implicit
knowledge  of  music-syntactic  regularities,  remains  contradictory  and  incomplete.  Some
authors assume  that  the acquisition  of  knowledge  about  these  regularities  lasts  until  late
childhood,  but  there  is also  evidence  for the  presence  of such  knowledge  in four-  and
ﬁve-year-olds.  To explore  whether  such  knowledge  is  already  present  in younger  chil-
dren,  we  tested  whether  30-month-olds  (N =  62) show  neurophysiological  responses  to
music-syntactically  irregular  harmonies.  We  observed  an  early  right  anterior  negativity  in
response to both  irregular  in-key  and out-of-key  chords.  The  N5, a brain  response  usually
present  in  older  children  and adults,  was  not  observed,  indicating  that  processes  of har-EEG
Infants  (30-month-olds)
monic integration  (as reﬂected  in  the  N5) are still in  development  in  this  age  group.  In
conclusion,  our  results  indicate  that  30-month-olds  already  have  acquired  implicit  knowl-
edge of  complex  harmonic  music-syntactic  regularities  and  process  musical  information
according  to this  knowledge.
© 2014  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC
BY-NC-ND license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Music is one of the oldest, most basic, and ubiquitous
socio-cognitive domains of the human species (cf., e.g.,
Fitch,  2006; Huron, 2001; Koelsch, 2012). In early child-
hood,  musical communication (such as maternal singing)
has  been proposed to play a major role in the emotional,
cognitive, and social development of children (cf., e.g.,
Gerry  et al., 2012; Trehub, 2003). Responsiveness to infant-
directed  singing appears to be inborn (Masataka, 1999),
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versität Berlin, Habelschwerdter Allee 45, 14195 Berlin, Germany.
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(A.D.  Friederici), koelsch@cbs.mpg.de (S. Koelsch).
http://dx.doi.org/10.1016/j.dcn.2014.04.005
1878-9293/© 2014 The Authors. Published by Elsevier Ltd. This 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).and infants demonstrate more sustained attentiveness and
engagement during maternal singing than maternal speak-
ing  (Nakata and Trehub, 2004; Trehub, 2003). Music also
has  an arousal-modulating effect, leading to changes in
cortisol  levels in 6-month-olds (Shenﬁeld et al., 2003) and
promoting reciprocal emotional ties (for a review, see, e.g.,
Trehub  and Nakata, 2001).
Musical  sequences contain perceptually discrete ele-
ments (tones and chords) that unfold in time and that
are  concatenated according to music-syntactic regularities
into  sequences to form melodic and harmonic structures. In
order  to fully appreciate harmonic sequences, knowledge
about such regularities must be acquired (for reviews, see,
e.g.,  Stalinski and Schellenberg, 2012; Trainor and Corrigall,
2010). It has been hypothesised that the order of knowl-
edge acquisition about different aspects of music is related
to  the degree of universality (Hannon and Trainor, 2007).
is an open access article under the CC BY-NC-ND license
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ensitivity to consonance or dissonance is regarded univer-
al  and emerges earliest, suggesting processing constraints
n  the auditory system (cf., e.g., Chiandetti and Vallortigara,
011; Fishman et al., 2001; Fritz et al., 2009; Trainor et al.,
002).  Knowledge about which pitches belong to a particu-
ar  scale (i.e., key membership) develops next: in Western
onal music, an octave is divided into 12 pitches, which
onstitute the so-called chromatic scale. Smaller subsets of
hese  12 pitches form the diatonic scales (e.g., the major
cale). Behavioural studies with melodies as stimuli indi-
ate  that knowledge of key membership is established in
-year-olds (Trainor and Trehub, 1994). Musical chords
efer  to several pitches sounding simultaneously. The suc-
ession  of chords follows regularities that refer to local
s  well as non-local dependencies. Regularities regarding
ocal dependencies have been described by the theory of
armony,  and can be demonstrated using statistical analy-
es  of transition probabilities in music corpora (Rohrmeier
nd  Cross, 2008). Regularities regarding non-local depend-
ncies  have been described by generative theories of (tonal)
usic  (cf. Lerdahl and Jackendoff, 1996; Rohrmeier, 2011).
he  acquisition of these music-syntactic regularities by
xposure  to music represents a complex learning problem
hich is solved by employing statistical learning in concert
ith  other learning mechanisms (cf. McMullen and Saffran,
004;  McMullen Jonaitis and Saffran, 2009; Saffran et al.,
999;  Rohrmeier and Rebuschat, 2012).
It was previously assumed, that “sensitivity to culture-
peciﬁc details of tonal and harmonic structure seems to
merge  between 5 and 7 years of age” (Trehub, 2003, p.
70).  This assumption was built upon results from sev-
ral  behavioural studies exploring how this knowledge
s acquired during development: most of these experi-
ents (Krumhansl and Keil, 1982; Trainor and Trehub,
992, 1994) used short melodies to explore knowledge
bout tonal and harmonic music-syntactic regularities. In
rumhansl  and Keil (1982) sequences of six tones were
resented, the ﬁrst four tones (C – E – C – G) estab-
ished a tonal context followed by two tones. These two
ones  either belonged to the diatonic scale or were two
on-diatonic (out-of-key) tones. Tones from the diatonic
cale  were further categorised into tonics (C), belonging
o  the tonic triad (C – E – G), or not belonging to the
onic triad (D – F – A – B). Six possible combinations of
he last two tones were evaluated: (a) both tonics, (b)
oth  belonging to the triad, (c) ﬁrst belonging to the triad,
econd  not belonging to the triad, (d) ﬁrst not belong-
ng to the triad, second belonging to the triad, (e) both
ot  belonging to the triad, and (f) both non-diatonic.
hildren judged whether these tones sounded “good” or
bad”.  Krumhansl and Keil (1982) demonstrated that, with
ncreasing age, children become capable of differentiating
i.e., giving different ratings to) the six conditions listed
bove. Whereas 6–7-year-olds gave different preference
atings only to diatonic vs. non-diatonic probe tones, older
–9-year-olds in addition gave different preference rat-
ngs  for diatonic continuations that either belonged to the
onic  triad or not. Adults gave different ratings to all six
onditions. This was taken as evidence that the 6–7-year-
lds had acquired knowledge about scale membership,
hereas 8–9-year-olds had additional knowledge, whiche Neuroscience 9 (2014) 200–208 201
tones  belonged to the tonic triad (and are therefore most
stable  within the tonal system). Trainor and Trehub (1992,
1994)  used short melodies of 10 tones. In some, the 6th was
replaced  by another tone. The replacement tones either
belonged to the same scale (diatonic change) or not (non-
diatonic change); in Trainor and Trehub (1994) the diatonic
change was  further divided into a within-harmony and
an  out-of-harmony change (the out-of-harmony condition
represents a change to another syntactically correct in-key
harmony, and the within-harmony condition a change to
another  tone of the same syntactically correct in-key har-
mony).  Participants were trained to signal if they detected
a  change in comparison to the standard melody, using a
go/no-go  head turn procedure (Trainor and Trehub, 1992),
or  by raising their hand (Trainor and Trehub, 1994). In
one  of these studies (Trainor and Trehub, 1992), 8- to 9-
month-old infants and adults were tested. Whereas adults
detected non-diatonic (out-of-key) more readily than dia-
tonic  (within-key) changes, infants detected both changes
equally well, indicating that the performance in infants
was not affected by knowledge about key membership. The
other  study (Trainor and Trehub, 1994) compared 5 and
7  year old children to adults. It was revealed that all age
groups detected replacement tones that did not belong to
the  established key (non-diatonic change) more easily than
those  which belonged to the same key, indicating that all
age  groups had acquired sufﬁcient knowledge about which
tones  constitute a scale. Furthermore, adults and 7-year-
olds  also performed better on the out-of-harmony than on
the  within-harmony change, suggesting that 5-year-olds
were not capable of differentiating as well as 7-year-olds
which tones belong to a chord function.
More recent behavioural and neurophysiological evi-
dence  indicates that already 4–5-year old children possess
some  implicit knowledge about harmonic regularities.
Corrigall and Trainor (2010) demonstrated both knowledge
of  key membership as well as of harmonic regularity in
this  age group, using a short well-known melody (Twin-
kle,  Twinkle Little Star), its harmonised version, and short
sequences of chords (which were derived from the har-
monisation of the melody but unknown to the children).
The  last tone of the melody, the last chord in the har-
monised version, or the last chord of the chord sequences
was modiﬁed. Children compared the modiﬁed to the
unmodiﬁed sequences and gave preference ratings. We
focus  on the chord sequences which are most compara-
ble to the stimuli of the present experiment (cf. Fig. 4 in
Corrigall and Trainor, 2010). In response to these chord
sequences, the highest preference ratings were given to
the  standard (unmodiﬁed) version which ended on a (syn-
tactically correct) tonic chord in root position (following
a  dominant without a ﬁfth). The second highest ratings
were given to versions that ended on a tonic presented
as a six–four chord (“within-harmony”, which is harmon-
ically less regular at the end of a chord progression than
a  tonic in root position). The third highest ratings were
given to versions that ended on a supertonic without a
ﬁfth  (“out-of-harmony”), which is less likely to occur after
a  dominant than a tonic, and which is syntactically incor-
rect  at the end of a chord progression. The lowest ratings
were given for the sequences that ended on a chord that left
 Cognitiv
the  second a subdominant, the third a supertonic and the
fourth  a dominant. These chords were arranged accord-
ing  to the classical rules of harmony (Hindemith, 1940)
1 Children were participants of the German Language Development
study (supported by the German Research Foundation, DFG Grant202 S. Jentschke et al. / Developmental
the established key (“out-of-key”). These ﬁndings indicate
that  the 4–5-year-olds had acquired not only knowledge
about key membership (as reﬂected in the lowest pref-
erence for chords that did not belong to the established
key) but also some knowledge of harmonic regularities (as
indicated  by the different preference ratings to the chord
sequences ending on a tonic, compared to sequences end-
ing  on a supertonic).
Electrophysiologically, violations of music-syntactic
regularities usually elicit two brain responses, denoted as
early  right anterior negativity (ERAN) and N5. In adults,
the  ERAN evoked by irregular chords is maximal around
150–200 ms  after stimulus onset, and has a frontal scalp
distribution, often with right-hemispheric weighting (Kim
et  al., 2011; Koelsch et al., 2000; Leino et al., 2007; Loui
et  al., 2005; Miranda and Ullman, 2007). The neural mech-
anisms  underlying the generation of the ERAN operate
in  the absence of attention (Koelsch et al., 2002b; Loui
et  al., 2005), but can be modulated by different atten-
tional demands (Loui et al., 2005; Maidhof and Koelsch,
2010). The elicitation of an ERAN requires representations
of music-syntactic regularities stored in long-term mem-
ory  (cf. Koelsch, 2009). The ERAN amplitude is correlated
with the degree of harmonic irregularity, such as the proba-
bility  of local chord transitions (Kim et al., 2011). These two
ERP  responses can already be observed in 4–5-year-olds
(Jentschke et al., 2008; Koelsch et al., 2003), demonstrat-
ing knowledge of music-syntactic regularities of harmony
in  children of that age group. Compared to adults, in chil-
dren  the ERAN latencies are usually longer, namely around
300–350  ms  in 5-year-old children (Jentschke et al., 2008;
Koelsch et al., 2003) and around 200–250 ms  in 11-year-
olds (Jentschke and Koelsch, 2009). A recent study by
Corrigall and Trainor (2014) also observed an early ERP
response to music-syntactic violations, however, this ERP
response  had a positive polarity instead of the negativity
which is usually elicited (interestingly, in adults, reported
as  another experiment of the same study, an ERAN was
obtained using the same stimulus material).
The N5, peaking around 500 ms,  is also most prominent
over frontal electrodes. The N5 amplitude is enlarged with
increasing difﬁculty to integrate an incoming chord into the
previous  harmonic context (Koelsch et al., 2000). The N5 is
reminiscent  of the N400 component elicited by language
stimuli that require semantic integration of a word into the
working  context: N5 and N400 are similar with regard to
latency,  morphology and scalp distribution and both com-
ponents  were shown to interact (i.e., the N5 amplitude was
diminished when a semantic violation in language was pre-
sented  concurrently; Steinbeis and Koelsch, 2008). These
features gave rise to the notion that the N5 is related to
the  processing of musical meaning, given that processing
of  musical structure requires integration of both expected
and  unexpected events into a larger, meaningful musical
context, and that harmonic tension-resolution patterns
appear to be meaningful to listeners familiar with Western
music  (cf. Koelsch, 2005; Steinbeis and Koelsch, 2008).So  far, it is unclear whether the cognitive processes
reﬂected in the ERAN and N5 brain responses are already
present in children younger than 4–5 years. In the present
study, we explored whether music-syntactic processinge Neuroscience 9 (2014) 200–208
occurs in children as young as 30-month-olds. We used
event-related brain potentials (ERPs), which are very suit-
able  to assess such processing in infants and very young
children, and tested whether an ERAN and an N5 can be
observed in response to music-syntactic violations.
2. Methods
2.1. Participants
Thirty-month-old children (N = 62; 38 boys; 29–31
months old, M = 30 months) participated in an ERP exper-
iment  investigating the processing of musical syntax. All
children  were healthy, had no hearing problems (i.e., they
passed  a screening for oto-acoustic emissions), and were
born  to native German-speaking parents.1 The children
were randomly assigned to one of two subgroups with a
slightly  different set of stimuli (described below): in one
subgroup (N = 33; 20 boys), the irregular chord at the end of
a  sequence was  a supertonic; in another subgroup (N = 29;
18  boys), it was a so-called Neapolitan sixth chord (see also
below).  Parents signed a written informed consent, agree-
ing  to the participation of their children in the experiment.
They received a compensation for expenses. The study was
conducted according to the Declaration of Helsinki and
approved by the Ethics Committee of the Charité University
Medicine Berlin.
2.2.  Stimuli and paradigm
To investigate the processing of musical syntax in 30-
month-old children we  used a well-established paradigm
and  ERP methodology, previously used in studies with
older  children (Jentschke et al., 2008; Koelsch et al., 2003)
and  adults (e.g., Koelsch et al., 2000, 2007). EEG data were
recorded while the children listened to chord sequences
that ended either on a regular or an irregular chord func-
tion.  These sequences had a duration of 4800 ms  and
consisted of ﬁve chords (see Fig. 1), four chords based
on  quarter notes (each 600 ms)  and a ﬁnal chord based
on  half notes (1200 ms), followed by a pause (1200 ms).
All  chords had the same attack and the same decay of
loudness and were played with a piano sound (generated
using Steinberg Cubase SX and The Grand; Steinberg Media
Technologies, Hamburg, Germany). For each of the two sub-
groups  of participants, a slightly different paradigm was
employed. These paradigms differed with regard to the
irregular ﬁnal chord function of the chord sequences. In
both  subgroups, the ﬁrst four chord functions were the
same  in all sequences: the ﬁrst chord function was  a tonic,FR-519/18-1, awarded to A.F.). They underwent regular somatic and neu-
rological screening during participation. Data of 34 further children were
acquired, but had to be excluded because they did not ﬁnish the exper-
iment (N = 12), or the EEG measurement could not be evaluated (due to
artifacts, i.e., drifts, chewing, or excessive movement; N = 22).
S. Jentschke et al. / Developmental Cognitive Neuroscience 9 (2014) 200–208 203
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Variables used in the analyses did not deviate
from a standard normal distribution (tested with
Kolmogorov–Smirnov tests; 0.07 ≤ p ≤ 1.00; Md = 0.76). For
the  analysis of the ERPs, four regions of interest (ROIs) were
4ig. 1. (A–C) Examples of the musical stimuli that were used in the experi
ith  an irregular supertonic. (C) Chord sequence ending with an irregula
nd established a harmonic context toward the end of the
equence. The last chord was either a regular tonic (Fig. 1A),
r  a syntactically irregular chord (Fig. 1B and 1C).2
Thus, the regular sequences were so-called cadences,
n which towards the end of the harmonic progression
 dominant was followed by a tonic (Fig. 1A). A tonic
erceived after a dominant creates a sense of repose or
esolution.3 Any progression other than the dominant-
onic progression is less probable, and thus less regular,
nvoking a feeling of inconclusiveness. The irregular ﬁnal
hords  differed between the two subgroups: in one sub-
roup,  the irregular ﬁnal chord function was a supertonic
Fig. 1B; previously used in, e.g.,Jentschke and Koelsch,
009; Koelsch et al., 2007). In the other subgroup, it was  a
o-called  Neapolitan sixth chord (Fig. 1C; previously used
n,  e.g., Koelsch et al., 2003, 2000). The Neapolitan sixth
hords represented stronger irregularities than the ﬁnal
upertonics: (a) the Neapolitan sixth chords contained two
ut-of-key  notes (with regard to the harmonic context
stablished by the ﬁrst four chords), whereas the super-
onics did not contain out-of-key-notes; (b) the Neapolitan
ixth chords introduced three new pitches whereas the
upertonics introduced only one (notably, the regular ﬁnal
onics  introduced two new pitches); and (c) whereas ﬁnal
upertonics and ﬁnal tonics were presented in root posi-
ion  (i.e., with the root tone of the chord in the base voice),
he  Neapolitan sixth chords were not in root position. By
sing  these two different chord functions as irregular ﬁnal
hords  we aimed at comparing the deviance-related brain
esponses of 30-month-olds. If supertonics show an ERP
ffect,  then this would indicate that the children were sen-
itive  to music-syntactic irregularities (even if they do not
iolate  key membership). If such a response is elicited only
y  the Neapolitan sixth chords, then this would indicate
hat the children were sensitive to irregular chords con-
aining  several irregularities (as described above), but not
o  the diatonic (in-key) music-syntactic irregularity used
n  our study.
In  each paradigm, the sequences were transposed to the
2  major keys, resulting in 24 different sequences. Across
he  experiment, each sequence type was presented eight
imes,  resulting in 192 sequences for the entire experiment.
he sequences were presented pseudo-randomly in direct
uccession with a probability of 0.5 for each sequence type
regular  vs. irregular) and with each sequence being pre-
ented  in a tonal key that was different from the key of
2 Examples of the chord sequences can be found in the supplementary
aterial and at http://www.stefan-koelsch.de.
3 The majority of musical pieces from the baroque, classical, and roman-
ic periods end with a dominant-tonic progression, and the transition
robability for the dominant-tonic progression was  the highest among
ll transition probabilities in a corpus of Bach chorales (cf. Table 2 in
ohrmeier and Cross, 2008).) Chord sequence ending with a regular tonic. (B) Chord sequence ending
litan sixth chord.
the preceding sequence. While listening to the sequences
(approx. 17 min) children sat on the lap of their parents
(who were acoustically isolated by listening to a CD via
headphones) and watched a silent movie.
2.3. EEG recording and processing
EEG data were recorded with Ag–AgCl electrodes from
21  scalp locations – F7, F3, FZ, F4, F8, FC3, FC4, T7, C3,
CZ, C4, C8, CP5, CP6, P7, P3, PZ, P4, P8, O1, O2 accord-
ing to the Extended International 10–20 System (American
Electroencephalographic Society, 1994) – and 6 further
locations on the head – outer canthi of both eyes (H+and
H−), supraorbital and infraorbital on the right eye (V+and
V−),  and left (M1) and right mastoid (M2). Data were sam-
pled  at 250 Hz with a reference at the left mastoid and
without online ﬁltering using a PORTI-32/MREFA ampli-
ﬁer  (TMS International B.V., Enschede, NL). Impedances
of the scalp electrodes were kept below 5 k, of the
other electrodes below 10 k. Data were processed ofﬂine
using  EEGLAB (Delorme and Makeig, 2004): they were
re-referenced to linked mastoids (mean of M1  and M2),
ﬁltered with a 0.25 Hz high-pass ﬁlter (ﬁnite impulse
response (FIR), 1311 points; to remove drifts) and a
49–51 Hz band-stop ﬁlter (FIR, 437 points; to remove line
noise).  Then an independent component analysis (ICA) was
conducted  and artifact components (e.g., eye blinks, eye
movements, or muscle artefact’s) were removed. There-
after,  data were rejected with ﬁve rejection procedures
provided by EEGLAB.4 Finally, non-rejected epochs (29–91
trials,  M = 70) were averaged for a period of 200 ms  before
(baseline) to 1200 ms  after stimulus onset (length of the
ﬁnal  chord).5
2.4. Statistical evaluationThe following parameters were used: (1) for threshold (if amplitudes
exceeded ±120 V), (2) for linear trends (if linear trends exceeded 160 V
in  a 400 ms gliding time window), (3) for improbable data (if the trial was
lying outside a ±6 SD range (for a single channel) or ±3 SD range (for all
channels) of the mean probability distribution), (4) for abnormally dis-
tributed data (if the data were lying outside a ±6 SD range (for a single
channel) or a ±3 SD range (for all channels) of the mean distribution of kur-
tosis  values), and (5) for improbable spectra (spectra should not deviate
from the baseline spectrum by ±30 dB in the 0–2 Hz frequency window (to
reject  eye movements) and +15/−30 dB in the 8–12 Hz frequency window
(to reject alpha activity)).
5 Epoch length and baseline values were chosen in accordance with
earlier experiments using the same paradigm (e.g., Jentschke and Koelsch,
2009; Jentschke et al., 2008; Koelsch et al., 2000, 2003).
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Fig. 2. Grand-average ERP waveforms elicited by the ﬁnal chords, (A) in the subgroup in which irregular chord functions were supertonics and (B) in the
s. The s
xth chor
d as irresubgroup  in which irregular chord functions were Neapolitan sixth chord
dotted  grey line responses to irregular chords (supertonic or Neapolitan si
from  irregular chords) – dashed in the subgroup where supertonics serve
as  irregular chords. The ERAN is indicated by an arrow.
computed: left-anterior (F3, F7, FC3), right-anterior (F4, F8,
FC4),  left-posterior (P3, T7, CP5), and right-posterior (P4,
T8,  CP6). Two time windows were chosen in accordance
with our hypotheses and centred around the peak of
the  ERP components: (1) 240–320 ms  (ERAN), and (2)
650–850 ms  (N5) after stimulus onset; (3) an early posi-
tivity, 120–200 ms,  was suggested by visual inspection but
did  not reveal any signiﬁcant effects. ERPs were evaluated
statistically by mixed-model ANOVAs for repeated meas-
ures,  with the within-subject factors regularity (regular vs.
irregular  chord function), anterior–posterior distribution,
and hemisphere (left vs. right), and the between-subjects
factor subgroup (supertonic vs. the Neapolitan sixth chordolid grey lines indicates potentials elicited by regular (tonic) chords, the
d). The thick black lines represent the difference wave (regular subtracted
gular chords, solid in the subgroup where Neapolitan sixth chords served
as  irregular chord). For the ERAN, where a main effect
of  regularity was observed, follow-up ANOVAs (with the
same  within-subject factors) were calculated for each
subgroup.
3.  Results
3.1. ERANFig. 2 presents the ERP responses to the regular and the
irregular ﬁnal chords of the sequences. These responses
show that an ERAN, peaking around 300 ms,  was elicited by
both  the music-syntactically irregular supertonics (Fig. 2A)
S. Jentschke et al. / Developmental Cognitive Neuroscience 9 (2014) 200–208 205
Table 1
Overview of the amplitude differences between the regular and irregular ﬁnal chords in the time windows 240–320 ms  (ERAN), 650–850 ms (N5), and
120–200  ms  (early positivity).
Anterior Posterior
Left Right Left Right
ERAN – supertonics (V) −1.48 −1.00 −0.63 −0.35
ERAN – Neapolitan sixth chords (V) −0.27 
Late negativity (N5) (V) 0.40 
Early positivity (V) 0.57
Fig. 3. Scalp topographies of the ERAN in the subgroup in which irregular
chord functions were supertonics (left panel), and the subgroup in which
irregular chord functions were Neapolitan sixth chords (right panel). The
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(ead  plots represent spherical spline interpolations of the amplitude dif-
erence between irregular and regular chords (regular subtracted from
rregular chords) in the ERAN time window (240–320 ms).
nd the irregular Neapolitan sixth chords (Fig. 2B). Unlike
n  older children and adults, where the ERAN is strongest at
rontal  leads (e.g., Jentschke and Koelsch, 2009; Jentschke
t  al., 2008; Koelsch et al., 2000; Koelsch and Jentschke,
008), the ERAN was more broadly distributed over the
calp  (see Fig. 3). The lateralisation of the ERAN differed
etween subgroups: in response to supertonics, it had a
ilateral  (slightly leftward) fronto-central distribution (see
able  1, Figs. 2A and 3). The ERAN elicited by the Neapolitan
ixth chords was most prominent at right-centro-temporal
lectrodes (see Table 1, Figs. 2B and 3).
The difference in the responses to irregular vs. reg-
lar chords was reﬂected by a main effect of regularity
F(1,60) = 10.91, p = 0.002), the different lateralisation of the
RAN  in response to the two different irregular chord types
y  an interaction of regularity × hemisphere × subgroup
F(1,60) = 5.16, p = 0.027).6 No other signiﬁcant effects
nvolving regularity or subgroup were observed. Two  sep-
rate  ANOVAs for each subgroup conﬁrmed a signiﬁcant
ain effect of regularity in both subgroups (with super-
onics as irregular chords: F(1,32) = 5.21, p = 0.029; with the
eapolitan sixth chords: F(1,28) = 6.01, p = 0.021), indicat-ng that an ERAN was elicited in response to the irregular
hords in both subgroups. In each of these two ANOVAs the
ain  effect of regularity was the only signiﬁcant result.
6 Motivated by the higher proportion of boys in either group, we also
alculated an ANOVA controlling for gender, revealing similar results,
amely a main effect of regularity (F(1,58) = 8.77, p = 0.004), an inter-
ction of regularity × hemisphere × subgroup (F(1,58) = 4.64, p = 0.035), but
lso an interaction of regularity × anterior–posterior distribution × gender
F(1,58) = 7.93, p = 0.007) due to a more anterior distribution in boys.−1.31 −0.51 −1.28
0.35 0.41 0.08
0.51 0.48 −0.06
As mentioned in the Introduction, the ERAN is usually
followed by a later negativity (N5) in older children and in
adults.  No such effect was observed in the two-year-olds. In
the  N5 time window, ERPs elicited by irregular chords were
slightly  more positive than those elicited by regular chords
(see  Table 1), but this effect was statistically not signiﬁcant
(regularity, p = 0.244).
Waveforms also slightly differed between 120 and
200 ms  after stimulus onset (with positive polarity and
being  strongest at left-anterior ROIs, see Table 1). How-
ever, this effect was  statistically not signiﬁcant (regularity,
p  = 0.068).
4. Discussion
The present data show that an ERAN elicited by
music-syntactically irregular harmonies can be observed in
children  as young as 30 months of age. The ERAN observed
in  the present study resembles the neurophysiological
response to irregular chord progressions in older children
and  adults. Thus, our results provide the ﬁrst empiri-
cal evidence demonstrating knowledge of music-syntactic
regularities in children at this age. Importantly, an ERAN
response was  observed in response to the ﬁnal superton-
ics,  i.e. chords that were music-syntactically irregular but
belonged  to the same key as the regular chords. Using the
same  sequences as in the present study, we have demon-
strated previously (particularly Fig. 3 in Koelsch et al.,
2007)  that the ﬁnal supertonics are acoustically even more
congruent with the preceding harmonic context than reg-
ular  tonics. This rules out the possibility that the ERAN
observed in the present study was simply due to acoustical
irregularity, and indicates that the 30-month-old chil-
dren  of our study were sensitive to purely music-syntactic
irregularity (without confounding acoustical deviance).
Given the signiﬁcant difference in lateralisation in response
to  the Neapolitan sixth chords compared to the super-
tonics, the present results also indicate that there were
additional contributions of (one or more of) the proper-
ties  that differed between the two  irregular chord types.
These  properties included (a) two out-of-key notes in the
Neapolitan sixth chords but none in the supertonics (i.e.,
Neapolitans were out-of-key chords, while supertonics
were in-key chords), (b) three new pitches in the Neapoli-
tan  sixth chords but only one in the supertonics (i.e.,
Neapolitans were acoustically less similar to the preced-
ing  harmonic context than supertonics) and [c] the chord
inversion (i.e., Neapolitan sixth chords were not presented
in  root position, other than the supertonics and the tonics).
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old), indicating a sensitivity to linguistic–syntactic regu-
larities (Oberecker et al., 2005; Oberecker and Friederici,
2006).7 The ELAN is similar to the ERAN in latency and206 S. Jentschke et al. / Developmental
Notably, the current data demonstrate that neuro-
physiological indicators of music-syntactic processing can
be  observed much earlier in development than previously
assumed (see Section 1 for an overview). A number of
factors  might account for the divergent ﬁndings when
comparing those previous studies with the present study.
Firstly,  there are differences in methodology. Most previ-
ous  studies required an overt response. Either participants
had to judge how appropriate a probe tone continued a
sequence of tones (Corrigall and Trainor, 2010; Krumhansl
and  Keil, 1982) or chords (Corrigall and Trainor, 2010), or
they  had to detect a change in a standard sequence using
a  go/no-go conditioned head-turn (Trainor and Trehub,
1992) or hand-sign procedure (Trainor and Trehub, 1994).
Methods that do not require such an overt response (e.g.,
ERPs)  are presumably capable of detecting ﬁner nuances
of  children’s implicit knowledge regarding harmonic reg-
ularities.  This assumption is substantiated by evidence
from a recent study by Corrigall and Trainor (2014), where
children showed different ERP responses to regular and
irregular  chords, but could not differentiate them in a
behavioural experiment.
A  second factor might be differences in the stimu-
lus material. Most previous studies have explored the
development of knowledge of harmony using sequences
of  tones (e.g., Krumhansl and Keil, 1982; Trainor and
Trehub, 1992, 1994). More recent behavioural studies and
all  neurophysiological studies used either chord sequences
(Jentschke et al., 2008; Koelsch et al., 2003) or both
sequences of chord and tones (Corrigall and Trainor,
2010, 2014). These latter studies revealed results simi-
lar  to those of the present study (see Section 1). Although
chords appear to be more complex stimuli, implicit knowl-
edge  about rules guiding their progression within chord
sequences seems to be present earlier in development than
proposed  by the former three studies (Krumhansl and Keil,
1982;  Trainor and Trehub, 1992, 1994). This is reﬂected by
the  fact that music-syntactic knowledge was observed in 4-
year-olds  in the studies by Corrigall and Trainor (2010), but
only  in older children when studies used tone sequences
(Krumhansl and Keil, 1982; Trainor and Trehub, 1992,
1994). Perhaps a stronger harmonic expectancy is estab-
lished  by a chord such as the dominant (three pitch classes)
or  dominant seventh chord (4 pitch classes) than by a sin-
gle  tone. Accordingly, in an ERP study exploring processing
of  music-syntactic irregularities in melodies compared to
chord  sequences, a larger ERAN amplitude was elicited by
irregular  chords than by irregular single tones (Koelsch
and Jentschke, 2010). Differences in the stimulus material
most  presumably also account for the unexpected result
of  the study by Corrigall and Trainor (2014), where an ERP
response  with positive polarity was observed, whereas in
most  other studies an early negativity (ERAN) was  elicited
in  response to music-syntactic violations: music-syntactic
irregularities in the study by Corrigall and Trainor (2014)
might have been more difﬁcult to detect than those of other
studies  (e.g., due to tonic implication, or mixolydian key of
some  stimuli).
The  ERAN in 30-month-old children differs from those
in  older children and adults in latency and scalp dis-
tribution: as in other studies exploring music-syntactice Neuroscience 9 (2014) 200–208
processing in children (Jentschke et al., 2008; Koelsch et al.,
2003),  the latency of the ERAN was longer than in adults
(around 300 ms  in 30-month- and 5-year-olds, but around
200  ms  in adults). This difference is in agreement with the
general  observation that ERP components in very young
children have smaller amplitudes and longer latencies than
in  adults, e.g., Thierry (2005). In addition, the ERAN was
distributed more broadly in our participants compared to
adults  and older children. It appears that the ERAN becomes
increasingly more prominent at frontal electrodes until the
age  of ﬁve years (cf. Jentschke et al., 2008; Koelsch et al.,
2003).  Possible reasons for this difference are manifold,
including a thinner skull, incompletely closed fontanels
(Flemming et al., 2005; Trainor, 2012), and cortical thick-
ening  with maturation (with the inferior frontal gyrus, a
core  neural substrate of syntax processing in music and
language, being one of the brain regions with the most
signiﬁcant change; Sowell et al., 2004).
A music-syntactic violation usually elicits an ERAN-N5
brain response in older children and adults, while no N5
brain  response was  observed in 30-month-old children.
The N5 is taken to reﬂect processes of harmonic integra-
tion of the actual chord into a mental representation of
the  harmonic context (built up by the preceding chords;
cf.  Koelsch et al., 2000) and has been hypothesised to
be  an indicator of the processing of intra-musical mean-
ing  (cf. Koelsch, 2005; Steinbeis and Koelsch, 2008), e.g.
meaning  resulting from the harmonic tension-resolution
patterns (for a more thorough discussion of different kinds
of  musical semantics, see Koelsch, 2012). The present data
suggest  that 30-month-old children had acquired sufﬁcient
knowledge about music-syntactic regularities to detect
their  violation (as reﬂected by the ERAN), but had not yet
acquired enough knowledge concerning the signiﬁcance of
these  violations and how to incorporate such unexpected
events into a given context: the irregular ﬁnal chords
raise the expectation of a continuation which requires
to update the harmonic context. Although ERAN and N5
appear  as a pattern of successive brain responses, they
were  systematically modulated using different linguistic
material containing either a semantic or a syntactic viola-
tion:  Steinbeis and Koelsch (2008) showed that the ERAN
was  reduced when presented concurrently with a linguistic
syntax violation but not with a semantic incongruency; the
reversed  pattern was  observed for the N5. This indicates
that, whereas the N5 might build upon the ERAN, these
responses are distinct in terms of their function and their
neural  generators.
Interestingly, the time course of acquisition of syntactic
regularities is similar between music and language. In the
language  domain, a violation of syntactic phrase structure
rules  elicited an early left anterior negativity (ELAN) in chil-
dren  of the same age (namely as young as 24–30 months7 In these experiments usually (a) sentences without a prepositional
phase (syntactically correct) are compared with (b) sentences with
an incomplete prepositional phrase (syntactically incorrect) and (c)
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n the frontal scalp distribution (although it is usually
ore left lateralised than the ERAN, cf., e.g., Hahne and
riederici, 1999; Herrmann et al., 2011). A growing body
f  research indicates a considerable amount of overlap
etween these two cognitive domains. This includes evi-
ence  of shared neural resources underlie both syntactic
rocessing in music and language (e.g., Koelsch et al.,
002a; for reviews, see Besson and Schön, 2001; Koelsch,
012; Patel, 2008), theoretical accounts proposing simi-
ar  mechanisms in acquisition (e.g., McMullen and Saffran,
004;  Ettlinger et al., 2011) and studies that demonstrated
hat musical training can facilitate the learning of both lin-
uistic  and musical structures (e.g., Jentschke and Koelsch,
009;  Schön et al., 2010).
Music-syntactic  processing of local dependencies is
ased  upon (usually implicit) knowledge about regulari-
ies  that are stored in a long-term memory format (for a
eview,  see Koelsch, 2009). Therefore, the acquisition of
uch  regularities must have happened before the age at
hich  the ERAN can be observed. Koelsch and Jentschke
2008) reported that the ERAN amplitude signiﬁcantly
eclined when chord sequences similar to those in the
resent experiment were presented to participants for
bout  two hours. This demonstrates that the cognitive rep-
esentations of musical regularities are inﬂuenced by the
epeated  presentation of unexpected, irregular harmonies,
hich is consistent with the assumption that music-
tructural regularities are acquired by implicit learning
echanisms (such as statistical learning) without inten-
ional  attempts to acquire information (cf., e.g., Perruchet,
008).
.  Conclusion
The present data provide evidence that ﬁrst neu-
ophysiological indicators of syntactic processing of
armonies can be observed in 30-month-old children.
his was revealed by a brain-electric response (the ERAN)
hat  was elicited by in-key chords (as well as by out-
f-key chords) which did not follow the regularities of
hord  progressions in major-minor tonal music. Differ-
nt  to older children and adults, who usually show an
RAN-N5 pattern in response to a violation of musical syn-
ax,  no N5 was elicited, and the ERAN had a relatively
mall amplitude size and a longer latency. This demon-
trates that neural mechanisms underlying the (automatic)
etection of music-syntactic violations are already estab-
ished,  while processes of harmonic integration are still
eveloping.onﬂict  of interest
None declared.
entences with a complete prepositional phrase (ﬁller, to prevent par-
icipants to anticipate the violation when encountering the preposition).
xamples of such sentences are: (a) Der Löwe brüllt. (The lion roars/is
oaring. – syntactically correct); (b) Der Löwe im brüllt. (The lion in the
oars/is roaring. – syntactically incorrect); (c) Der Löwe im Zoo brüllt (The
ion  in the zoo roars/is roaring – ﬁller).e Neuroscience 9 (2014) 200–208 207
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